The blood-testis barrier (BTB) divides the seminiferous epithelium into the basal and the adluminal compartment. It restricts paracellular diffusion of molecules between Sertoli cells, confers cell polarity, and creates a unique microenvironment in the adluminal compartment for spermatid development. However, it undergoes restructuring during the epithelial cycle so that preleptotene spermatocytes differentiated from type B spermatogonia residing in the basal compartment can traverse the BTB at stage VIII of the cycle, while the immunological barrier is maintained. Herein, coxsackievirus and adenovirus receptor (CAR), a tight junction (TJ) integral membrane protein in the testis and multiple epithelia and endothelia, was found to act as a regulatory protein at the BTB, besides serving as a structural adhesion protein. RNAi-mediated knockdown of CAR in a Sertoli cell epithelium with an established TJ-permeability barrier that mimicked the BTB in vivo resulted in a disruption of the TJ barrier and an increase in endocytosis of the TJ-protein occludin. Furthermore, such an enhancement in occludin endocytosis was accompanied by a downregulation of Thr-phosphorylation in occludin and an increase in the association of endocytosed occludin with early endosome antigen-1. These findings were confirmed by overexpressing CAR in Sertoli cells, which was found to "tighten" the Sertoli cell TJ barrier, promoting BTB function. These findings support the emerging concept that CAR is not only a structural protein, it is involved in conferring the phosphorylation status of other adhesion proteins at the BTB (e.g., occludin) possibly mediated via its structural interactions with nonreceptor protein kinases, thereby modulating endocytic vesicle-mediated protein trafficking.
COXSACKIEVIRUS AND ADENOVIRUS RECEPTOR (CAR), a 46-kDa integral membrane protein, was first reported in 1997 as a common receptor for coxsackie virus group B and adenovirus groups 2 and 5 (2) . CAR allows viral attachment and entry into cells (3) . Subsequent studies (10 -12, 61) have shown that CAR is found mostly at the tight junction (TJ) in multiple tissues and organs including brain, heart, muscles, and testes. Interestingly, it is highly expressed in both Sertoli cells and metabolically quiescent germ cells including highly differentiated haploid spermatids (36, 37, 62) , and it is also a component of the apical ectoplasmic specialization [apical ES, a testis-specific atypical adherens junction (AJ)] besides the Sertoli cell TJ barrier (62) . Since the presence of CAR on cell surface is a crucial determining factor for the entry of adenoviruses and coxsackieviruses (3) , CAR has been extensively studied and targeted for gene therapy (47, 50) . Recent studies (10, 18, 45) have shown that CAR is a structural adhesion protein at the TJ in multiple cell epithelia via homotypic interactions between neighboring epithelial cells. CAR also possesses a PSD-95/Dlg1/zonula occludens 1 (ZO-1)-binding (PDZ-binding)motif to facilitate protein-protein interactions, as such, CAR has been shown to interact with adaptor proteins ZO-1 and ␤-catenin (10, 60) and gap junction protein connexin 45 (Cx45) (31) , forming a protein complex. In the testis, among more than a dozen BTB-associated structural and regulatory proteins that were examined, CAR was also found to interact with JAM-C (36), ␤-catenin, vinculin, and most importantly non-receptor protein tyrosine kinase c-Src based on studies (62) using coimmunoprecipitation (Co-IP), suggesting CAR may have other functional and/or regulatory roles. In fact, CAR is important in atrioventricular-node conduction and cardiac function as demonstrated in studies (31) using cardiacspecific CAR knockout (CAR-KO) mice, since CAR was shown to be involved in the localization of Cx45, ZO-1, and ␤-catenin at the intercalated disc in the heart and Cx45 was known to be involved in atrioventricular node conduction. Its tissue/organ-specific knockout in adult mice also led to dilated intestinal tract and atrophy of the exocrine pancreas, illustrating its inactivation led to multiple phenotypic changes (42) . CAR may also act as a tumor suppressor (54) . Collectively, these recent findings illustrate the critical role of CAR in multiple cellular functions besides serving as a receptor for viral entry and as a structural adhesion protein at the TJ and/or AJ, possibly mediated via its binding partner(s) such as c-Src.
Since the findings of CAR as a putative integral membrane proteins in Sertoli and germ cells in the testis (36, 62) , it was speculated that CAR may serve as regulatory molecule to allow the transit of preleptotene spermatocytes at the BTB at stage VIII of the epithelial cycle (37, 61) ; however, the molecular mechanism(s) underlying this event remains elusive. Herein, we report findings using techniques of gene silencing by RNAi and transient overexpression that CAR plays a regulatory role at the Sertoli cell BTB via its involvement in modulating the phosphorylation status of integral membrane proteins at the BTB (e.g., occludin), which, in turn, modulates endocytic vesicle-mediated protein trafficking events at the site, thereby affecting cell adhesion status at the Sertoli cell-cell interface. In short, CAR appears to take part in a dynamic and efficient regulatory mechanism so that germ cells can be in transit at the BTB while the immunological barrier function remains intact during the epithelial cycle of spermatogenesis.
MATERIALS AND METHODS

Animals and antibodies.
Male Sprague-Dawley rats, both adults (ϳ250 -300 g body wt) and 20-day-old pups, were purchased from Charles River Laboratories (Kingston, NY). The use of animals for the studies reported herein was approved by the Rockefeller University Laboratory Animal Care and Use Committee with Protocol No. 09 -016 and 12-506. Antibodies were commercially obtained except for anti-desmoglein-2, which was prepared in our laboratory as earlier described (28) (Table 1) .
Primary Sertoli cell cultures. Sertoli cells were isolated from 20-day-old rat testes as described previously (39) . Sertoli cells were cultured in serum-free F-12/DMEM supplemented with sodium bicarbonate, gentamicin, epidermal growth factor, insulin, transferrin, and bacitracin at 35°C with 5% CO 2-95% air (vol/vol) in a humidified CO2 incubator as described previously (39) . An incubation temperature of 35°C was used for testicular cells, such as Sertoli cells, since in rodents and humans testicles are located outside the abdominal cavity, enclosed in the scrotum to maintain a temperature at 35°C, cooler than the body temperature of 37°C, necessary to maintain spermatogenesis and fertility (21, 49, 55) . It is noted that these Sertoli cells were fully differentiated and ceased to divide (41) . Furthermore, Sertoli cells isolated from 20-day-old rats were indistinguishable from cells isolated from 90-day-old rat testes both morphologically and functionally (26, 33) . However, the purity of Sertoli cells isolated from adult rat testes was ϳ85 vs. Ͼ98% from 20-day-old rat testes because of the lack of round/elongating/elongated spermatids in the latter group, which were tightly embedded in Sertoli cells and difficult to be removed including the use of hypotonic treatment (26, 33) . Depending on the type of experiments, Sertoli cells were plated at different cell density for various applications. First, cells were plated at 0.45-0.5 ϫ 10 6 cells/cm 2 on Matrigel-coated 12-well dishes [Matrigel diluted 1:7 in serum-free F-12/DMEM (Sigma-Aldrich, St Louis, MO)] with each well containing 3-ml F-12/DMEM, and cultures were harvested at specified time points to obtain enough protein in cell lysates for immunoblotting or for nucleic acid extraction for RT-PCR or quantitative PCR. Second, Sertoli cells were plated at 0.04 ϫ 10 6 cells/cm 2 on Matrigel-coated coverslips for immunofluorescence analysis to assess changes in protein distribution and/or localization with each coverslip placed in 6-well dishes, and each well contained 5-ml F-12/DMEM. Thus Sertoli cells were evenly spaced, and changes in protein localization/distribution at the Sertoli cell-cell interface in treatment vs. control groups could be easily detected. Third, Sertoli cells were plated at 1.2 ϫ 10 6 cells/cm 2 on Matrigel-coated bicameral units (Millicell cell culture inserts, 12-mm diameter, 0.45-m pore size, effective surface area, ϳ0.6 cm 2 ; Millipore, Bedford, MA), and units were placed in 24-well dishes with 0.5-ml F-12/DMEM each in the apical and basal compartment. About 48 h after plating, cells were subjected to a brief hypotonic treatment (20 mM Tris, pH 7.4 at 22°, 2.5 min) to lyse residual germ cells as described previously (14) , and cultures were rinsed twice with F-12/ DMEM to remove germ cell debris before replaced with fresh F-12/ DMEM containing the necessary supplements (39) . As such, Sertoli cell cultures used for our studies had a purity of Ͼ98% with negligible contaminations of germ, Leydig, and/or peritubular myoid cells when markers of these cells were assessed by RT-PCR using specific primer pairs as described previously (25) . It is noted that germ cells, namely spermatogonia and spermatocytes (note: round/elongating/elongated spermatids are absent in 20-day-old rat testes; Ref. 9) , are susceptible, but not Sertoli cells, to this brief hypotonic treatment. This treatment was found not to impede the TJ-permeability barrier function when the transepithelial electrical resistance (TER) was assessed ϳ12-24 h after Sertoli cells were rinsed and returned to normal culture conditions vs. Sertoli cell cultures not subjected to the hypotonic treatment. It is also noted that using this in vitro model, Sertoli cells assembled a functional TJ-permeability barrier, and ultrastructures of both TJ, basal ES, gap junction (GJ), and desmosome were found when examined by electron microscopy, mimicking the BTB in vivo as described previously (27, 28, 53) . In fact, this system has been used by investigators to study the biology and regulation of Sertoli cell BTB dynamics (4, 5, 15, 19, 20, 22, 40, 46) .
CAR knockdown in Sertoli cells by RNAi using CAR-specific small interfering RNA duplexes. Sertoli cells obtained from 20-day-old rat testes were cultured alone for 3 days to allow the establishment of a functional TJ-permeability barrier, which was manifested by the presence of a stable TER across the cell epithelium. Thereafter, cells were transfected with 100 nM nontargeting or CAR-specific small interfering (si)RNA duplexes by using RiboJuice siRNA Transfection Reagent (Novagen, EMD Biosciences) for 24 h according to the instructions of the manufacturer. To silence CAR, a mixture of 100 nM CAR (5=-CCUGAACAGAGGAUCGAAAtt, s137152; 5=-GAAAUGACUUCACCGGUUAtt, s137153; 5=-CGAGUACACUUUACGAGUAtt, s137154; Ambion) siRNA duplexes vs. 100 nM nontargeting control duplexes (Ambion) was used. After transfection, reaction mixture was removed, washed, and replaced with fresh F-12/DMEM, and cells were cultured for another 48 h before termination. For dual-labeled immunofluorescence analysis, 2 nM siGLO Red Transfection Indicator (Dharmacon/Thermo Fisher Scientific) were used to cotransfect with siRNA duplexes to confirm successful transfection. Overexpression of CAR in Sertoli cells. The full-length cDNA encoding CAR was obtained by PCR as earlier described (64, 65) using cDNAs derived from Sertoli cell total RNA via a reverse transcription step that served as the template and a CAR-specific primer pair designated ex-CAR ( Fig. 1 and Table 2 ). The full-length CAR cDNA was cloned into pCI-neo mammalian expression vector (Promega) at the restriction enzyme sites between XhoI and NotI by using specific primers of CAR (see Table 2 ). The pCI-neo mammalian expression vector carries the human cytomegalovirus immediate early enhancer/promoter region that promotes constitutive expression of the CAR insert in Sertoli cells. The authenticity of these clones was confirmed by direct nucleotide sequencing (Genewiz). On day 3 after isolation, Sertoli cells plated on Matrigel-coated 12-well dishes or bicameral units at a cell density of 0.5 ϫ 10 6 or 1.2 ϫ 10 6 cells/cm 2 , respectively, were transfected with 1 or 0.5 g of plasmid DNA per well or insert by using Effectene Transfection Reagent (Qiagen) at a ratio of 1 g DNA to 15 l transfection reagent. Transfection mixture was removed 24 h thereafter and replaced with fresh F-12/DMEM. RNA and protein lysates were extracted from these Sertoli cell cultures 2-day thereafter (i.e., 3-day after transfection began), as described previously (58) . The Sertoli cell-TJ barrier function after transient expression of CAR vs. pCIneo vector alone was also assessed by TER measurement. To assess the transfection efficiency using the Mammalian Expression Vector pCI-neo in Sertoli cells, luciferase reporter plasmid (pGL3-Control and pRL-TK, Promega) was cotransfected into Sertoli cells with plasmid DNAs at ϳ0.1-3 g and different cell densities at 0.5 or 1.2 ϫ 10 6 cells/cm 2 for 24-h by assaying the luciferase reporter gene activity as described previously (64) . With the use of this approach, the transfection efficacy was estimated to be ϳ15-20%.
Functional assessment of the Sertoli cell TJ-permeability barrier. The Sertoli cell TJ-permeability barrier was quantified by the ability of the cell epithelium to restrict the flow of current (i.e., quantified as conductivity in ohm, ⍀) that was sent across the Sertoli cell epithelium when two electrodes of a Millipore Millicell-ERS were placed in the corresponding apical and basal chamber of the bicameral unit as earlier described (16) . In short, Sertoli cells cultured in F-12/DMEM were plated on Matrigel-coated bicameral units (in triplicates) at 1.2 ϫ 10 6 cells/cm 2 at time 0, and TER was recorded daily, with fresh F-12/DMEM replenished after the TER measurement. On day 3, when the TJ-permeability barrier was established as manifested by a stable TER across the Sertoli cell epithelium, transfection was performed using siRNA duplexes to silence CAR or using pCI-neo/CAR to overexpress CAR vs. corresponding controls to assess the effects of CAR knockdown or its overexpression on the Sertoli cell TJ-permeability barrier function.
Endocytosis assay. Endocytosis assay was performed essentially as described previously (63, 67) and detailed in an earlier report (24) . In brief, Sertoli cells were cultured at 0.5 ϫ 10 6 cell/cm 2 on Matrigelcoated 6-well plates for 3 days. Thereafter, cells were transfected with CAR-specific siRNA duplexes vs. nontargeting control siRNA duplexes for 24 h. Three days after transfection when CAR was knockdown by ϳ70%, cell surface proteins were biotinylated with 0.5 mg/ml sulfo-NHS-SS-biotin (Pierce, Rockford, IL; note: sulfo-NHS-SS-biotin is a cell-impermeable, cleavable, biotinylation reagent) in PBS/CM buffer (PBS containing 0.9 mM CaCl2 and 0.33 mM MgCl2) at 4°C for 30 min (at this temperature, protein internalization did not occur). Free biotin was then quenched with 50 mM NH4Cl in PBS/CM buffer at 4°C for 15 min. To initiate endocytosis, Sertoli cell cultures were transferred from 4°C to a CO2 incubator in humidified atmosphere with 95% air-5% CO 2 (vol/vol) at 35°C and incubated for the specified time points to assess the kinetics of biotinylated protein internalization in Sertoli cells transfected with CAR-specific siRNA duplexes vs. nontargeting control siRNA duplexes. At termination (i.e., 0, 15, 30, 60, and 90-min), biotins on uninternalized cell surface proteins were stripped with 50 mM sodium 2-mercaptoethanesulfonate (MESNA, a reducing agent that cleaved biotin from biotinylated Sertoli cell surface proteins; Sigma-Aldrich) in 100 mM Tris·HCl, 100 mM NaCl, and 2.5 mM CaCl2, pH 8.6, at 4°C for 30 min and quenched with 5 mg/ml iodoacetamide (Sigma-Aldrich) in PBS/CM buffer at 4°C for 15 min. Cell lysates were then obtained using IP lysis buffer [10 mM Tris, 0.15 M NaCl, 1% NP-40, and 10% glycerol (vol/vol), pH 7.4, at 22°C] supplemented with protease and phospha- Fig. 1 . Primary nucleotide sequence of coxsackievirus and adenovirus receptor (CAR) (GenBank accession no.: NM_053570) that was used to clone the full-length rat testicular CAR. Rat testicular CAR was cloned by PCR using a CAR primer pair designated ex-CAR (see Table 2 ) based on the known CAR sequence as shown herein, annotated by the "black" box, utilizing rat Sertoli cell total cDNAs as the template, which were reverse transcribed from Sertoli cell RNA, and the cycling parameters were shown in Table 2 . This rat testicular CAR cDNA was then used to prepare the full-length cDNA construct and its subsequent ligation into the mammalian pCI-neo vector, and XhoI and NotI restriction sites were added to its 5=-and 3=-end, respectively, by PCR using a CAR primer pair designated CAR (Table 2 ) and annotated by the "dash-lined" box. Numbers at left represent the nucleotide sequence of NM_053570. This rat testicular CAR cDNA clone was verified by direct nucleotide sequencing at Genewiz (South Plainfield, NJ). tase inhibitor cocktails (Sigma-Aldrich). Endocytosed biotinylated proteins were pulled down with UltraLink Immobilized NeutrAvidin Plus beads (Pierce) from each sample (note: each sample contained ϳ300 g protein of Sertoli cell lysates). The complexes were then washed, and the proteins were extracted in SDS-sample buffer containing 2-mercaptoethanol (6) at 100°C for 5 min (to cleave proteins from biotin, Mr 244.31, that bound to NeutrAvidin Plus beads) and subjected to SDS-PAGE and immunoblot analysis using anti-occludin antibody. All samples within an experimental group were processed simultaneously to avoid interexperimental variations. All endocytosis experiments reported herein were repeated at least three times using different batches of Sertoli cells, and each experiment yielded similar results.
Dual-labeled immunofluorescence analysis. Distribution and/or localization of target proteins in Sertoli cells following CAR knockdown vs. its corresponding control were examined by immunofluorescence microscopy. In brief, Sertoli cells were isolated and cultured at a density of 0.04 ϫ 10 6 cells/cm 2 on Metrigel-coated coverslips and placed in 6-well dishes with each well containing 5-ml F-12-DMEM. On day 3, cells were transfected with 100 nM nontargeting or CAR-specific siRNA duplexes with Ribojuice siRNA transfection reagent (Novagen) served as a transfection medium for 24 h. Thereafter, the transfection mixture was removed and cells were cultured for an additional 48 h. Sertoli cells were fixed in 4% paraformaldehyde in PBS (10 mM NaH 2PO4, pH 7.4, at 22°C containing 0.15 M NaCl; vol/vol) for 10-min at room temperature (22°C). Paraformaldehyde-fixed cells were permeabilized with 0.1% Triton X-100 in PBS (vol/vol). After blocking with 10% normal goat serum in PBS (vol/vol), cells were incubated with a target antibody at appropriate dilution in PBS (see Table 1 ). Following overnight incubation, cells were incubated with secondary antibodies conjugated to Cy3 or FITC (Invitrogen; 1:100 dilution in PBS) for 1 h. Then, cells were mounted with ProLong anti-fade reagent containing DAPI for nuclei staining (Molecular Probes, Eugene, OR), and fluorescence micrographs were obtained using an Olympus BX61 fluorescence microscope, and images were acquired using Olympus MicroSuite FIVE (Version 1224) software package and saved in TIFF format. Dual-labeled immunofluorescence images were subsequently merged for analysis to assess colocalization using PhotoShop in Adobe Creative Suite (Version 3.0).
RNA extraction and RT-PCR. Total RNAs were extracted from Sertoli cells 3 days after transfection with siRNA duplexes using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Contaminating genomic DNA in each RNA sample, if any, was digested with RNase-free DNase I (Invitrogen) before their use for reverse transcription into cDNAs using Moloney murine leukemia virus reverse transcriptase (MMLV RT) reagent (Invitrogen). PCR was performed as earlier described (56, 58) using primer pairs specific to corresponding target genes (Tables 2 and 3 ). For RT-PCR, a target gene was coamplified with ribosomal S16 (Table 3) , which served as an internal control for equal sample processing and RNA loading.
Immunoblot analysis. Lysates from Sertoli cell cultures were obtained by treating cells in IP lysis buffer (10 mM Tris, 0.15 M NaCl, 1% NP-40, and 10% glycerol, pH 7.4, at 22°C) supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich), sonicated, and centrifuged at 15,000 g for 45 min at 4°C to obtain clear supernatant. Lysates were stored at Ϫ20°C until use. Forty micrograms of Sertoli cell lysate protein from each sample were resolved by SDS-PAGE for immunoblot analysis with target proteins being probed by the corresponding primary antibodies (see Table 1 ). Protein estimation was performed by spectrophotometry with a Bio-Rad Dc (detergent compatible) protein assay kit using BSA as a standard and a Bio-Rad Model 680 Plate Reader.
Co-IP. Co-IP was used to monitor changes in protein-protein interaction as well as changes in occludin phosphorylation status. In brief, 2 g normal mouse or rabbit IgG were added to 300 g Sertoli cell protein lysate and incubated for 1 h before precipitated with 10 l protein A/G agarose beads (Santa Cruz) for 1 h, and the supernatant was obtained (1,000 g, 5 min at 4°C) for subsequent Co-IP. This precleaning step was important to remove nonspecific IgG-interacting proteins from cell lysates. Thereafter, the supernatants were incubated with 2 g normal mouse or rabbit IgG to serve as negative control, or anti-early endosome antigen 1 (anti-EEA-1) or anti-occludin for Co-IP on a Labnet MiniLab Roller overnight at room temperature (ϳ22 Ϯ 1°C), to be followed by an incubation with 20 l protein A/G agarose beads to precipitate the immunocomplexes. Thereafter, beads were washed with IP lysis buffer and immunocomplexes were extracted in an SDS-PAGE sample buffer (6) at 100°C for SDS-PAGE and immunoblot analysis as described previously (57) .
Statistical analysis. GB-STAT statistical analysis software (Version 7.0, Dynamic Microsystems) was used for statistical analyses. Each experiment was repeated at least three times, and data are means Ϯ SD. Statistical significance was analyzed with Student's t-test or one-way ANOVA coupled with two-tailed Dunnett's test. Figure 1 shows the primary sequence of rat testicular CAR that was cloned from the cDNAs derived from Sertoli cell RNA by PCR (Table 2) , and the CAR-specific siRNA duplexes were prepared based on this rat testicular CAR primary sequence (see MATERIALS AND METHODS). RNAi was used to knockdown CAR expression by ϳ70% by transfecting Sertoli cells in vitro with an established functional TJ-permeability barrier that mimicked the Sertoli cell BTB in vivo using CAR-specific siRNA duplexes vs. the nontargeting control siRNA duplexes (Fig. 2, A, a and b, and B, a and b) . The knockdown of CAR by ϳ70% was found to associate with a downregulation of ZO-1 expression, but not other TJ, basal ES, and desmosome proteins examined (Fig. 2B, a and b) . This CAR knockdown also perturbed the Sertoli cell TJ-permeability barrier function (Fig. 2C) . We next investigated any changes in protein localization and/or distribution at the Sertoli cell-cell interface by dual-labeled immunofluorescence analysis in these cultures (Fig. 2D, a-f) . Consistent with findings shown in Fig. 2, A and B, a knockdown of CAR by RNAi considerably abolished the expression of CAR at the Sertoli cell-cell interface (see "white" arrowheads in Fig. 2D, b vs. a) . This also led to changes in the localization and distribution of occludin (a TJ-integral membrane protein) and ZO-1 (a TJ-associated adaptor protein), with these proteins being redistributed, moving from near the Sertoli cell surface, and into the cell cytosol (Fig. 2D, d and f vs. 
RESULTS
Knockdown of CAR by RNAi perturbs Sertoli cell TJ-permeability barrier function via changes in the localization and/or distribution of TJ proteins at the Sertoli cell BTB.
TJ proteins
Basal ES proteins (a and b) , the levels of TJ [e.g., occludin, claudin-11, JAM-A, and zonula occludens 1 (ZO-1)], basal ES (e.g., N-cadherin, ␣-catenin, and ␤-catenin), and desmosome proteins (e.g., desmoglein-2, desmocollin-2, and ␥-catenin) at the Sertoli cell blood-testis barrier (BTB) were also examined by immunoblotting 3 days after transfection. It was noted that except for the level of ZO-1, which was downregulated by ϳ30% following the knockdown of CAR in Sertoli cells by ϳ70%, the levels of other BTB proteins remained relatively unaltered (a). Densitometric analyses of CAR and ZO-1 immunoblotting data that were normalized against actin wherein the control was arbitrarily set at 1 (b). Each bar is a mean Ϯ SD of n ϭ 3 experiments. C: knockdown of CAR was found to transiently perturb the Sertoli cell TJ barrier in vitro. PCR, immunoblotting (IB), and dual-labeled immunofluorescence analysis (IF) were performed 3 days after transfection. D: to investigate changes in protein distribution/localization at the cell-cell interface, Sertoli cells cultured on Matrigel-coated coverslips were cotransfected with siGLO Red (a transfection indicator) with either nontargeting or CAR-specific siRNA duplexes and stained for CAR (green fluorescence), occludin (green fluorescence), or ZO-1 (green fluorescence) on day 3. Sertoli cells were processed for IF 3 days after transfection (i.e., day 6 in culture). Loss of CAR expression at the Sertoli cell-cell interface was detected in the CAR knockdown cells (see "white" arrowheads in b vs. a). Although CAR RNAi had no apparent effects on the steady-state level of occludin (B), its knockdown was found to induce mis-localization of occludin, causing it to move from near the cell surface into the cell cytosol. Analogous to occludin, CAR knockdown also impaired the localization/distribution of ZO-1 at the Sertoli cell interface, besides downregulating ZO-1 expression. Scale bars ϭ 20 m in a, which applies to b-f. **P Ͻ 0.01.
likely contributed to a destabilization of cell adhesion at the TJ barrier, perturbing the Sertoli cell TJ-permeability barrier as shown in Fig. 2C . However, it is also possible that such changes contributed to an alteration of the paracellular transport of the TJ barrier. The disruptive effects following the knockdown of CAR in Sertoli cells by RNAi on the TJ barrier function (Fig. 2C ) and on protein distribution/localization at the cell-cell interface (Fig. 2D) did not appear to be the results of off-target effects, since the steady-state levels of several BTB-associated proteins that were examined, including occludin, remained unaltered, with the exception of ZO-1, which was downregulated (Fig. 2B, a and b) . Furthermore, the expression of two interferon-stimulated genes (ISG), such as oligoadenylate synthetase 1 (OAS1) and signal transducer and activator of transcription 1 (STAT1) that were known to be upregulated due to off-target effects when cells were transfected by RNAi vectors for gene knockdown (1, 34, 43) , were found to be unaffected with S16 served as a loading control in this semi-quantitative RT-PCR experiment (Fig. 3, A and B) . In short, small regulatory RNAs, such as siRNA used here, could trigger cellular immune responses in Sertoli cells, such as by activating interferon-stimulated gene expression, which in turn led to nonspecific cellular phenotypes and side effects (e.g., TJ-barrier disruption, altering protein distribution/localization) known as off-target effects. Since neither one of the two ISGs, namely OAS1 and STAT1, was upregulated in the CAR knockdown Sertoli cells vs. control cells, these findings (Fig. 3, A and B) coupled with immunoblotting data shown in Fig. 2B thus support our conclusion that the changes shown in Fig. 2 , C and D, were the results of CAR knockdown. Attempts were made by immunofluorescence microscopy to assess changes in other BTBassociated proteins at the Sertoli cell-cell interface besides occludin and ZO-1 following CAR silencing, such as JAM-A and claudin-11; however, working antibodies were not available.
CAR knockdown results in increased endocytic vesicle-mediated protein trafficking and changes in occludin phosphorylation.
Since CAR knockdown that led to a partial disruption of the Sertoli cell TJ-permeability barrier shown in Fig. 2C appeared to be the result of changes in protein localization/distribution due to an increase in the internalization of occludin (Fig. 2D) , protein endocytosis assay was used to explore this possibility. It was noted that the knockdown of CAR indeed significantly enhanced but not in the control group where Sertoli cells were transfected with nontargeting control siRNA duplexes, the kinetics of occludin endocytosis (Fig. 4A, a and b) . It is noted that in this endocytosis assay of Le et al. (24) , the use of a cell-impermeable but thiol-cleavable biotinylation reagent, sulfo-NHS-SS-biotin, only Sertoli cell surface proteins with exposed primary amines, including occludin, were biotinylated. In the lane designated "Total," it represents total biotinylated cell surface proteins in the control group where Sertoli cells subjected to biotinylation for 30 min without stripping with MESNA buffer (i.e., before endocytosis; ϳ300 g protein) were pulled down by NeutraAvidin Plus beads and subjected to immunoblotting to visualize occludin, which was used to estimate the percentage of endocytosed occludin. Since at the time of biotinylation before the endocytosis assay, total cell surface occludin was similar in both control and CAR siRNA groups; thus a single total lane from the control group was shown in Fig. 4A , a. Only a small fraction of biotinylated occludin was endocytosed (Fig. 4A, a and b) . In short, the purpose of this assay was not attempted to quantify differences between cell surface occludin in the CAR knockdown vs. the control group but to assess any alteration in the kinetics of protein endocytosis. Since protein endocytosis is known to be regulated, at least in part, via changes in the protein phosphorylation of an integral membrane protein, such as occludin and E-cadherin (7, 17) , we next examined any alterations in the phospho-Ser, -Thr, and -Tyr content in occludin between the knockdown and control groups. While the levels of occludin between the control and CAR-silenced Sertoli cells by Co-IP were similar (Fig. 4B) , consistent with data shown in Fig. 2B , the level of phospho-Throccludin was significantly lowered, but not phospho-Ser-nor phospho-Tyr-occludin, in the CAR knockdown cells vs. control cells, illustrating there was a reduction of phospho-Thr content in occludin following CAR silencing (Fig. 4B, a and b) .
Knockdown of CAR in Sertoli cells enhances association of occludin with endosomes.
To further expand and confirm the observations shown in Figs. 2 and 4 that there was an increase in protein endocytosis following CAR knockdown, we examined any changes in the protein expression of endocytic vesicle-associated proteins, such as EEA-1 (an endosome marker; Ref. 35) , or its association with occludin in Sertoli cells after CAR knockdown. It is noted that following CAR knockdown, occludin was internalized and it appeared to become better associated with EEA1 (Fig. 5A) . While the steady-state level of EEA-1 in the CAR knockdown Sertoli cells vs. control cells was similar (Fig. 5B, a and b) , a statistically significant increase in the association between occludin and EEA-1 was detected by Co-IP (Fig. 5C, a and  b) , supporting findings obtained by dual-labeled immunofluorescence analysis (Fig. 5A) . 
Overexpression of CAR in Sertoli cells promotes TJ-permeability barrier function via upregulation of TJ protein adaptor ZO-1 and desmosome proteins at the Sertoli cell BTB.
To further validate data obtained by RNAi that illustrate the regulatory role of CAR in BTB dynamics, the full-length CAR cDNA was isolated by PCR ( Fig. 1 ) using cDNAs derived from Sertoli cell RNA as the template, ligated to a mammalian expression vector pCI-neo (Table 2 ). This pCI-neo/CAR plasmid was used for overexpression of CAR in Sertoli cell epithelium with an established TJ-permeability barrier (Fig. 6, A and B) . Consistent with findings using RNAi in which the knockdown of CAR perturbed the Sertoli TJ-barrier function, overexpression of CAR (Fig. 6A) by ϳ50% (Fig. 6C) led to a "tightening" of the Sertoli cell TJ-permeability barrier (Fig. 6B) . Studies by immunoblotting also illustrated that an overexpression of CAR led to an upregulation of ZO-1 expression, consistent with data shown in Fig. 1 wherein its knockdown could downregulate ZO-1 expression, but also an upregulation of desmoglein-2 and desmocollin-2, but not other BTB-associated TJ and basal ES proteins (Fig. 6C, a and b) .
DISCUSSION
CAR was initially identified in 1997 (2) as the receptor for coxsackievirus and adenovirus (3, 12) . It is a constituent protein and cell adhesion molecule of the TJ in multiple epithelia and endothelia (10, 32, 61) . It is now established that CAR is an important TJ integral membrane protein between cardiomyocytes known as the intercalated disc in the heart via homotypic interactions of CAR between adjacent cells, crucial to regulate cardiac remodeling and electrical conductance between atria and ventricle (11, 42) . Because CAR is a specific receptor for adenovirus, it has also been extensively investigated to explore the use of CAR for adenovirus-based gene therapy (23, 50, 68) . However, recent studies have shown that CAR is a molecule with diversified functions; its contribution to cellular physiology is well beyond its structural and cell adhesion role at the TJ and other intercellular junctions. For instance, CAR was shown to be a metastatic tumor suppressor since its expression reduces lung metastatic potential in murine cancer cells (66) . However, CAR expression is also needed for the efficient formation of tumors in a subset of lung cancer cells (44) , and its expression is necessary to support the establishment of distant metastases and reducing apoptosis in adenomas in colon cancer (54) . Collectively, these findings thus illustrate its involvement in tumorigenesis. Furthermore, CAR was recently shown to play a supporting role in regeneration of damaged myocardium in the heart (59), in neuronal homeostasis by involving in axonal transport of clathrin-mediated organelles via endocytosis in the brain (48) , and in mediating signaling function at the ventricular intercalated disc in the heart by recruiting connexin 45 (a GJ integral membrane and structural protein), ␤-catenin, and ZO-1 to the site for proper atrioventricular con- were cultured alone for 3 days before RNAi in which CAR was knockdown by transfecting cells with 100 nM CAR-specific siRNA duplexes vs. nontargeting control siRNA duplexes for 24 h (see Fig. 2C ). Three days thereafter, endocytosis assay was performed. Total biotinylated cell surface proteins (Total, from control group as shown herein, which was similar in CAR siRNA group), without stripping with 2-mercaptoethanesulfonate, were used to assess the percentage of occludin that have been endocytosed. Equal amount of proteins (ϳ300 g) were used for extracting the biotinylated proteins by using Ultralink Immobilized NeutrAvidin Plus beads (Pierce, including the "Total," as illustrated by the corresponding actin blot). The "-ve" represents cell surface proteins (ϳ300 g) without biotinylation but subjected to extraction with NeutrAvidin Plus beads and immunoblotting using an anti-occludin (see Table  1 ). Knockdown of CAR in Sertoli cells by ϳ70% was found to accelerate the internalization of occludin, a TJ-integral membrane protein, significantly vs. control cells (a). Actin shown in a served as a protein loading control, representing actin from Sertoli cell lysates before NeutrAvdin pull-down. Composite data of this endocytosis experiment were shown in b in which each data point is a mean Ϯ SD of n ϭ 3 independent experiments. Statistical analysis was performed by one-way ANOVA. **P Ͻ 0.01. B: Sertoli cell lysates (ϳ300 g of protein) were first subjected to coimmunoprecipitation (Co-IP) with an anti-occludin antibody to immunoprecipitate occludin, and the levels of occludin in the samples between the nontargeting control and the CAR knockdown groups were similar (top panel), consistent with findings shown in Fig. 1B , which also illustrated equal protein loading between the two groups. These blots were then probed with anti-phospho-Ser, -Thr, or -Tyr antibodies (see Table 1 ) and shown in the subsequent panels (a). These findings were densitometrically scanned and normalized against occludin level with the level in the control arbitrarily set at 1, against which statistical comparison was performed. Each bar is a mean Ϯ SD of n ϭ 3-4 experiments. *P Ͻ 0.05; **P Ͻ 0.01. duction and cardiac function (31) . In short, there is mounting evidence based on studies in multiple tissues and/or organs that support the expanding physiological roles of CAR in different aspects of cellular physiology.
In this report, CAR was shown to be more than a structural component of the TJ at the Sertoli cell BTB. First, its knockdown without any apparent off-target effects was found to associate with a downregulation of ZO-1 expression in Sertoli cell epithelium with an established TJ barrier that mimicked the Sertoli cell BTB in vivo, suggesting CAR may play a regulatory role in protein expression at the BTB. Our observation is also consistent with a recent report (31) using cardiacspecific CAR conditional knockout (CAR-cKO) mice, in which CAR KO in the heart also led to a marked decline in ␤-catenin and ZO-1 expression at the intercalated disc, which is an ultrastructure between cardiomyocytes composed of TJ, AJ, and GJ. More importantly, its knockdown was found to associate with a disruption of the Sertoli cell TJ-permeability barrier, and an increase in endocytosis of TJ protein occludin at the Sertoli cell BTB. This increase in endocytic vesicle-mediated protein trafficking is apparently the result of a loss of phospho-Thr in occludin (but not phospho-Ser or phosphoTyr), which in turn leads to an increased association between occludin and EEA-1, an endosome marker, as supported by a Co-IP experiment. The mechanism by which CAR regulates the phosphorylation content of occludin is likely mediated via c-Src, a nonreceptor protein tyrosine kinase at the BTB (8), since c-Src is one of the few regulatory kinases that was shown to form a protein complex with CAR in the testis (62) . For instance, neither phosphoinositide 3-kinase nor focal adhesion kinase (FAK) was found to structurally associate with CAR (62) even though both phosphoinositide 3-kinase (53) Fig. 1D . Also, occludin and EEA-1 (red fluorescence) appeared to co-localize more extensively in the CAR knockdown cells (see "white" arrowheads which denote an increase in the colocalization of occludin with EEA-1 after CAR knockdown). DAPI (blue) was used to visualize nuclei. Scale bar ϭ 20 m, which applies to the other micrograph. B: Sertoli cells cultured for 3 days were transfected with CAR-specific siRNA duplexes vs. the nontargeting control siRNA duplexes for 24 h. Cells were rinsed and cultured with fresh F-12/DMEM for an additional 48 h and terminated thereafter and used for immunoblotting. CAR knockdown had no apparent effects on the steady-state level of EEA-1 in Sertoli cells (a), and the composite results of n ϭ 3 experiments were shown in (b); ns, nonsignificantly different. C: Co-IP was used to assess changes in protein-protein interactions between occludin with EEA-1 following CAR knockdown by using ϳ300 g protein lysate for immunoprecipitation as shown in a. endocytic vesicles because lysates of Sertoli cells, instead of intact cells, were used), such as protein involving in recycling or protein degradation, which may also be involved in perturbing the Sertoli cell TJ-barrier function. However, it is unlikely that the silencing of CAR would enhance endosome-mediated occludin degradation since the steady-state level of protein remained unaltered during the experimental period. Collectively, these data support the notion that CAR plays a possible regulatory role at the BTB to coordinate the proper functioning of different adhesion protein complexes at the site. In this context, it is of interest to note that at the TJ in multiple epithelia CAR is known to associate with adaptor proteins ZO-1 and ␤-catenin (10, 60), which may serve as linkers for tethering CAR to the underlying actin-based cytoskeleton.
Since ZO-1 also structurally interacts with the occludin at a stoichiometric ratio of 1:1 (13); thus a downregulation of ZO-1 can lead to a loss of occludin-ZO-1-based adhesion function at the BTB, and the "free" occludin not binding to ZO-1 may lead to its "unwanted" phosphorylation, possibly via c-Src, which triggers an increase in its internalization as shown herein.
However, the precise molecular signaling event(s) and/or mechanism(s) that leads to a downregulation of ZO-1 expression following a knockdown of CAR remains to be identified. Second, these findings were supported in studies by overexpressing CAR in Sertoli cell epithelium, which was found to "tighten" and "promote" the Sertoli cell TJ-permeability barrier. Overexpression of CAR was also found to upregulate ZO-1 in Sertoli cells, consistent with findings in RNAi experiments. Interestingly, overexpression of CAR also upregulated the expression of desmoglein-2 and desmocollin-2, a putative 2 were cultured alone for 3 days to allow the establishment of a functional TJ-permeability barrier and were then transfected with pCI-neo vector vs. pCI-neo/CAR vector. Changes in the TJ-barrier function was monitored by quantifying TER across the Sertoli cell epithelium. Each data point is a mean Ϯ SD of n ϭ 3 replicates of a representative experiment, similar results were obtained from 3 independent experiments. **P Ͻ 0.01 by one way ANOVA followed by Dunnett's test. C: increase in CAR expression following transfection of Sertoli cells with pCI-neo/CAR vector was further confirmed by immunoblotting (a). Also noted is an upregulation of ZO-1, consistent with findings shown in Fig. 2B , in which a knockdown of CAR was found to associate with a downregulation of ZO-1 (a). An upregulation of desmosome proteins desmogelin-2 and desmocollin-2 was consistently detected following CAR overexpression in Sertoli cells as shown in a. Data of immunoblotting were summarized in histograms shown in b, illustrating a significant upregulation on ZO-1 (top), desmoglein-2, and desmocollin-2 (bottom) expression following CAR overexpression. Each bar is a mean Ϯ SD of n ϭ 4 -5 experiments in which the expression of a target gene was normalized against the corresponding actin level, and the protein level in Sertoli cells transfected with pCI-neo empty vector was arbitrarily set at 1, against which statistical comparison was performed. *P Ͻ 0.05. integral membrane protein and adaptor, respectively, at the desmosome, which together with coexisting TJ, basal ES, and GJ constitute the BTB (8, 29) , suggesting that CAR, being a TJ protein, may act as a "signaling molecule" that regulates the expression of constituent proteins of desmosome. However, it is noted that a knockdown of CAR failed to downregulate the expression of desmoglein-2 and desmocollin-2 as shown herein based on multiple experiments, suggesting that only its overexpression can trigger some unintended signaling pathway(s) that leads to an upregulation of these two desmosomal proteins. Nonetheless, these findings illustrate the likely role of CAR in coordinating other adhesion protein complexes to maintain the barrier function at the BTB. This finding is also consistent with a recent report (31) illustrating that in cardiac CAR-cKO mice the loss of CAR also affects the expression of connexin 45 (a GJ protein) at the intercalated disc, perturbing atrioventricular conduction to coordinate cardiac function. It is highly likely that there is a similar underlying molecular mechanism(s) that induces a downregulation of ZO-1, ␤-catenin, and connexin 45 in these different organs following the knockdown or knockout of CAR, which should be vigorously evaluated in future studies.
Based on the established cell adhesion properties of CAR, and the fact that CAR is found in both Sertoli and germ cells (36, 37, 62) , it was postulated that during the transit of preleptotene spermatocytes at the BTB at stage VIII-IX of the epithelial cycle, CAR residing in spermatocytes (SP) can form homotypic interactions with CAR in Sertoli cells (SC), such that the barrier function can be maintained in which CAR residing in spermatocytes "replaces" one of the two interacting CARs between adjacent Sertoli cells (SC/CAR-CAR/SC) forming a transient SP/ CAR-CAR/SC barrier (61) . Interestingly, it is now generally accepted that to preserve the BTB integrity during the transit of preleptotene spermatocytes at the BTB at stage VIII-IX of the epithelial cycle, "new" BTB (e.g., TJ fibrils) is first assembled behind migrating preleptotene spermatocytes, which are connected in "clones" via intercellular bridges, before the "old" BTB is "disassembled" (7, 8, 38) . Thus, besides serving as homotypic interacting adhesion molecules between spermatocytes and Sertoli cells during the transit of spermatocytes across the BTB, CAR may also take part in the assembly of "new" BTB and the disassembly of "old" BTB near the basal-and apical-region of migrating spermatocytes, respectively, via its corresponding "overexpression" and "silencing" at the two sites as illustrated in this report. This possibility must be carefully evaluated in future studies. However, findings reported herein have provided the framework upon which functional experiments can be designed.
